The mechanical properties and deformation mechanism of Sc 75 Fe 25 nanoglass and Sc 75 Fe 25 metallic glass pillars with diameter from 2 micrometers to 95 nanometers were investigated by means of ex-situ and in-situ compression tests. The results showed that the yield strength and deformation mechanism in the metallic glass were size-dependent while these in the nanoglass were not. It is suggested that the reduced shear band nucleation sites in metallic glass with decreasing sample size results in the increased yield strength and transition of deformation mode.
2 Nanoglasses which were conceived by H. Gleiter in 1989 [1] are amorphous solids that consist of nanometer-sized glassy regions connected by glass/glass interfaces (GGI) with an amorphous structure. In the past two decades, nanoglasses presented attractive physical properties [2] , remarkable biocompatibility [3] and excellent mechanical properties due to the their unique microstructure [4] . These novel features of nanoglasses might open the way for new technological applications in the field of micro-electro-mechanical systems (MEMS). it is well known that the strength and plastic deformation mode of most materials changes significantly when the overall physical dimensions decreases to the micro or nano scales [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . However, there has not been a systematic study on the mechanical properties of naoglasses in this scale. In this paper, Sc 75 Fe 25 (at%) nanoglass and metallic glass with identical chemical composition were selected to be the model material. Their mechanical properties and deformation mechanism were investigated by means of quantitative ex-situ compression tests on micron-sized samples as well as in-situ compression tests inside a transmission electron microscope (TEM) on submicronsized samples. The current report attempts to provide an answer to the question is there a size effect of strength and deformation mechanism in nanoglasses.
The Sc 75 Fe 25 nanoglass sample was produced by inert-gas condensation (IGC) and the metallic glass as a ribbon was produced by melt-spinning, respectively [16] . A set of micrometersized columnar pillars (diameter ≈2 μm) and submicron-sized square taper-free pillars (with nominal sizes of 300 nm, 160 nm and 95 nm, respectively) were successfully fabricated, using a FEI Helios NanoLab 600i dual-beam FIB system. The detailed fabrication process were same as that in Ref [4] . The 2 μm columnar pillars with aspect ratio (h/d) of 2.5 and sidewall tapering angle lower than 3° were tested by ex-situ compression using a nanoindenter (TI950, Hysitron) with a diamond flat conical tip. The minimum diameters at the top of pillars were used as their 3 nominal sizes. For in-situ tests, the shape of submicron-sized pillars was taper-free with a square cross section and an aspect ratio of ~ 2. In practice, the cross section of the taper-free samples would be a trapezoid rather than a square due to the FIB processing. The square roots of the cross section area of the samples were calculated and were used as their nominal sizes. In-situ compression experiments were performed inside the chamber of a JEOL JEM-2100F TEM, using a Hysitron PI95 TEM PicoIndenter with a 2 µm diamond flat punch. These test method and parameter were also same as in Ref [4] . Fig. 1a shows the compressive stress-strain curves of pillars for the nanoglass. The 2 μm nanoglass pillar exhibited nonlinear plasticity after the yield point and working hardening. At the beginning of the deformation process, the stress-strain relationship was linear. The pillar was noted to yield with a stress of ~ 1.34 GPa. Subsequently it hardens and finally fractures at a stress of ~ 1.87 GPa (Fig. 1a(Ⅰ) ). The total plastic strain prior to failure was ~3 %. In the micrographs, multiple shear bands were observed at the free surface of the nanoglass (Fig.   1b(Ⅰ) ). When the sample size was reduced to the sub-micron regime, in situ compression tests were performed in a TEM. For the 300 nm nanoglass sample, the initial linear elastic deformation is followed by a plastic yield (Fig. 1a(Ⅱ) ). As the plastic deformation process went on, the stress increased to about 1.7 GPa until the test was stopped at a pre-selected strain of 20%. Numerous small stress drops with amplitudes of less than 0.1 GPa were noted during the deformation. Although not every shear band can be identified in the movie, these stress drop likely originated from the propagation of a large number of small shear bands [17] . The nanoglass sample deformed relatively uniformly due to multiple shear band mechanism rather than localized shear and its size (in the transversal direction) increased as shown in Movie1. When the sample size was reduced to 160 nm, the nanoglass still displayed a deformation mode that was 4 similar to the ones reported above for the 300 nm sample: an initially linear uniform elastic deformation was followed by an uniform plastic deformation with a plastic strain of about 24% and a stress of 2.4 GPa when the test was stopped at a pre-selected strain of 30%. The appearance of stress drops with amplitudes of 0.2 -0.7 GPa (Fig. 1a(Ⅲ) ) indicated discrete shear band formation (Movie 2). The localized deformation was also apparent in the case of the deformed sample ( Fig. 1b( Ⅲ ) ). Plastic deformation would continue if compression tests were not interrupted for them. When sample size reduced to less than 100 nm, an uniform deformation mode ( (Fig. 2b(Ⅰ) ) which is contrary to the nanoglass with similar size. For the 300 nm metallic glass, after the initial elastic deformation, it deformed continuously until a large stress drop with an amplitude of ~ 0.4 GPa occurred (Fig. 2a(Ⅱ) ). This stress drop was correlated with an obvious shear offset appearing on the free surface, followed by three subsequent stress drops associated with the formation of shear bands. Finally, the 300 nm pillar failed along the plane of largest shear band (Movie 4). Although the 300 nm metallic glass pillar still failed by shear banding, it was more ductile than the micron-sized sample.
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For 160 nm metallic glass, plastic flow was relatively homogeneous [18, 19] as shown in Fig.   2a (Ⅲ) and Movie 5. After an initial uniform linear deformation (~ 4%), plastic deformation was noted ( Fig. 2a(Ⅲ) ) without large drops of the stress. At a plastic strain of ~ 9%, a stress drop of ~ 0.15 GPa occurred. This drop was much smaller than the one of the metallic glass sample with a larger size of 300 nm (0.4 GPa). During the subsequent plastic deformation process, many stress drops with small amplitudes appeared until the sample failed catastrophically by shear with a total plastic strain of ~ 22% (Movie 5) at a fracture stress of ~2.3 GPa. The compression test of 95 nm metallic glass pillar was stopped at a preset strain of 50% resulting in a drum shaped pillar. The entire deformation process could be seen in Movie 6. From these observations, it is clearly concluded that for the decreasing sample size (from 2 μm down to 95 nm) of a rapidlyquenched metallic glass reduces the tendency for localized shear. In other words, the reduction of sample size results in a more uniform deformation mode, elevated strength and enhanced plasticity.
Compressive yield strengths as a function of sample size for Sc 75 Fe 25 nanoglass and metallic glass are shown in Fig. 3 . The yield strength of the metallic glass sample slightly increased as the sample size was decreased. Simultaneously, the deformation mode changed from inhomogeneous deformation to uniform deformation around 300 nm. In the case of Sc 75 Fe 25 nanoglass, the existence of a large number of interfaces seems beneficial for the nucleation and the subsequent multiplication of shear bands. On the other hand, the yield strength is still controlled by shear band propagation [10] . As a consequence, the yield strength of the nanoglass samples varies little with the sample size. However, when the sample size was reduced to less than 100 nm, the shear banding thickness (10-20 nm) [20] become comparable to the sample size, the yield strength and deformation mechanism changed significantly (Fig. 3) . Indeed, individual shear bands can be identified in Fig. 1b(Ⅲ) and uniform deformation can be observed in Fig.   1b(Ⅳ) . This change of the deformation mode is analogous to the strain burst related to the movement of discrete dislocations in single crystals with a micro-scale size [5] .
It has been recognized that plastic flow of metallic glasses occurs as a result of a series of flow defects that are nucleated preferentially at larger free volume sites [21] [22] [23] , and these processes tend to further increase the local free volume (free volume creation), giving rise to auto-catalytic shear softening. As deformation proceeds, flow defects interact elastically in the long range as well as configurationally in the short range, and begin to self-organize in a hierarchical manner. As a flow defects get larger in volume under stress, its aspect ratio also tends to increase due to the nature of shear elastic interaction [24] . An embryonic shear band is defined as a flow defect with a long aspect ratio. Inside the embryonic shear band, there is always shear softening due to free-volume generation and later heating through elastic energy release [25, 26] . This drives the forward propagation and elongation of the same embryonic shear band, with increasing aspect ratio. When a critical incubation size scale l inc is reached, the embryonic shear band will develop into a mature shear band (Fig.4a) . Subsequently, there is so much softening, energy release concentration and heating in one major shear band that cavitations occur inside, leading to fracture along its shear plane [24] . This is most likely the reason that 2 μm pillar and 300 nm pillar fail by shear along the plane of the major shear band.
When the sample size was decreased from 300 nm to 95 nm, the results reported above reveal that the yield strength for the metallic glass becomes size-dependent in the sense that the yield strength increases when the sample size is reduced. Simultaneously, the deformation mode changed from inhomogeneous deformation (shear banding) to uniform deformation as is shown in both the stress-strain curves and the micrographs of the free surfaces. These results agree with 7 several recent reports suggesting that some metallic glasses displayed a transition from an inhomogeneous to homogeneous deformation mode when the sample size was reduced to submicron scale [9, 11, 14, 15, 27, 28] .The sample size (~300 nm) observed in our experiments for such a transition is consistent with previous investigations for some MG systems [9, 15] .
However, when the sample size was reduced down to 100 nm or below, which is comparable to critical incubation size scale l inc , there is not enough free space between the shear band nuclei for growing into a mature shear band (Fig.4b) . In other words, shear band nucleation becomes difficult. Therefore, many embryonic shear bands will form simultaneously, resulting in homogeneous plastic deformation. In fact, the 95 nm pillar deformed uniformly due to the movement of shear transformation zones (STZ) /diffusion, which suggests that shear bands are difficult to nucleate and uniform deformation becomes dominant. For metallic glasses, the change in deformation mode from more inhomogeneous to homogeneous may be attributed to shear band nucleation starvation. Shear band nucleation starvation mechanism might be analogous to the dislocation source starvation [5, 6, 29] in micro-scale single crystals.
In the case of the nanoglass, the yield strength is size-independent and the deformation mode remains multiple shear-banding. As is evidenced by shear offsets at the sample surfaces and the stress drops in deformation curves, the yield strength of the nanoglass is controlled by shear band propagation [4, 10] . Owing to an enhanced free volume and an increased potential energy [4, 16] in GGIs, shear in the nanoglass initiates at these regions. The propagation of the GGI flow defect will be impeded by the glassy grains. Plastic flow then will take place in other sites, resulting in significant global plastic strain (Fig.4c) . As a consequence, the existence of a large number of GGIs in the nanoglass benefits for the nucleation and the subsequent multiplication of shear bands while the metallic glass is shear band nucleation starved in samples of small sizes [4, 30-8 32] . As is observed above in the experimental section, the transition of deformation mode in nanoglasses might occur at a smaller size scale (~ 100 nm).
In summary, the mechanical properties of small scaled Sc 75 Fe 25 15
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Nanoglasses were a new type of amorphous materials and their microstructure consists of glassy regions ("grains") with average size of ~10 nm and glass/glass interfaces (GGIs) between these glassy grains with widths of ~1 nm. A locally reduced density in the GGIs relative to the density of the glassy grains indicates that the GGIs in nanoglasses have an atomic structure which deviates from the rapidly-quenched metallic glass. For nanoglass, the existence of a large number of GGIs benefits for shear band nucleation and the subsequent multiple shear banding. while for submicron MG sample, there is not enough free space among the shear band nuclei for growing into a mature shear band,
